This paper provides a component-based modeling of a small wheeled mobile robot with indispensable nonlinearities. We obtain a model of each fundamental component for a wheeled mobile robot, and then we provide the whole robot model by integrating the resultant component models. First, we model the DC motor considering the brush voltage drop and sink current effects. Second, we model the torque loss of the gearbox as a function of the angular velocity. Third, the rolling resistance and cornering resistance models are provided. Particularly, in measuring the cornering resistance, we use the computer vision with image processing technique. Then, we derive the cornering resistance model by numerical optimization. Moreover, we develop a differential wheeled robot as an experimental test-bed, and demonstrate the validity of each component model and the whole robot model by comparing with the experimental behaviors of the test-bed.
Introduction
Recently, the easy availability of low-cost computers and sensors encourages development of various types of autonomous mobile robots. Among those robots, wheeled mobile robots are widely used, e.g., disaster response robot, explorer robot, unmanned transporter, personal mobility and cleaning robot [1] , [2] . The wheeled mobile robots have advantages that they can efficiently move fast and can be made in small size. Since the wheeled mobile robots are active in industrial, social, agricultural and many other fields, various demands are required in their tasks such as accuracy, swiftness, robustness and flexibility. In order to bring out their potential and to improve their performance in control, a properly detailed model capturing indispensable nonlinearities is quite important.
The motivation of this paper is that although there have been so many papers and books dealing with wheeled mobile robots, there are few cases where an appropriately detailed model is utilized and its concrete derivation procedure is explained. It is found that only kinematic models for a wheeled mobile robot are utilized in much literature, e.g., [1] , [3] . Even though dynamic models are utilized, many of them assume that the commanded torque is sufficiently accurately achieved, and the actuator dynamics is neglected, e.g., in [4] - [6] . Otherwise, a simplified actuator dynamics model such as a basic linear DC motor model is utilized, e.g., in [2] , [7] . Those simplified models have some advantages that they suppress the complexity of the model, and make analysis and controller design easy.
However, since some nonlinear effects and dynamics omitted in those models often considerably influence the real robot behaviors, the simplified models sometimes fail to describe the experimental behavior of the robot. On the contrary, by focusing on a component of a wheeled mobile robot, highly detailed models are also provided. In [8] , thorough model and concrete measurement method for DC motors are provided, where various nonlinear effects possibly occurring in the DC motors are considered. The literature [9] deals with the detailed tire mechanics, where the forces acting on the tire in the automotive vehicle motion are explained with considering the tire deformation effect. Since such a detailed model is introduced to thoroughly investigate possible behaviors of each component, it is often excessively complicated to be directly integrated into a whole robot model. Besides, the model construction is executed online or offline. For the case where high accuracy and performance is required under the driving environment and the objective task are predetermined, it may be suitable to thoroughly design the controller based on the robot model constructed by an offline method. On the contrary, for the case where real-time operation under unknown environment or uncertainty, e.g., a field exploration with simultaneous localization and mapping [10] , it is preferable to estimate the model parameters and to tune the controller, online. Since this paper mainly considers the former case, we adopt an offline model construction in what follows.
Regarding the aforementioned motivation, this paper provides a component-based modeling of a small wheeled mobile robot with indispensable nonlinearities, which achieves both ease of construction and satisfactory consistency with the actual behavior of the robot. Moreover, this paper also shows a concrete derivation procedure for the provided model. Here, we do not take the black-box modeling whenever possible, and we basically obtain a model of each fundamental component for a wheeled mobile robot based on the first-principle modeling approach. Eventually, by integrating the resultant component models, we provide the whole robot model. Since the wheeled mobile robots can have various structures, e.g., the number of wheels and the driving mechanisms, the component-based modeling is expected to have high versatility. As an experimental test-bed, we develop a differential wheeled robot, and demonstrate the validity of both each component model and the whole robot model by comparing with the experimental behaviors of the test-bed. First, we introduce our experimental test-bed in Section 2. Second, in Section 3, we model the DC motor. Here, we take the brush voltage drop and the sink current into account as important nonlinearities, where they are modeled as dead zones. Since the conventional model of the brush voltage drop in [8] does not focus on small DC motors and it is empirically shown that it does not fit the experimental results well, this paper proposes a new model of the brush voltage drop. We demonstrate that considering those effects dramatically improves the consistency with the actual DC motor behaviors. Moreover, since they are described as static nonlinear models, the resultant DC motor model is relatively easy to be used in controller design. Third, Section 4 considers the gearbox. According to the experimental results, we model the torque loss of the gearbox as a function of the angular velocity. Then, we proceed to modeling of the tire mechanics. Fourth, we model the rolling resistance of the tires in Section 5. In order to obtain the strength of the rolling resistance, we drive the test-bed straight, and measure the currents flowing in the motors. We show a rolling resistance model as a function of the linear velocity of the robot. Fifth, the cornering resistance of the tires is investigated in Section 6. When the robot rotates, not only the rolling resistance but also the cornering resistance arises. Since the velocity momentarily changes in rotational motion, this makes measurements difficult. Thus, we measure the linear and angular velocities of the robot by using computer vision. Here, we attach two light emitting diodes (LEDs) to the test-bed, and track their positions by digital camera and image processing technique. Eventually, we obtain a cornering resistance model by numerical optimization. Those models are so simple that they do not require the complicated tire deformation dynamics nor the measurements of the side slip angle, which are required in the model in [9] . Therefore, the proposed models are also relatively easy to be used in controller design. Finally, in Section 7, we summarize the whole vehicle model obtained by integrating the proposed component models, and then confirm its validity. We respectively compare the linear and rotational motions in experiments with those in the simulations using the whole vehicle model. The main contributions of this paper are summarized as follows:
• models satisfying ease of construction and fine consistency for the whole small wheeled robot as well as each components of the robot are provided;
• indispensable nonlinear effects which dramatically improve the consistency of the models are empirically exhibited; and
• concrete identification procedures and experimental setups are shown, which are not focused and thus not available in almost all conventional papers.
In this paper, the dead zone is denoted by ψ as 
where b ≥ 0 denotes the width of the dead zone, and sgn(·) denotes the signum function. Figure 1 illustrates ψ. In order to concisely express the friction effects in the subsequent sections, we introduce the notation Ψ as
Experimental Test-Bed
We develop a differential wheeled robot as an experimental test-bed, which is depicted in Fig. 2 . The size of the robot is 189 mm in length, 112 mm in width and 91 mm in height. This robot is equipped with two FA-130RA DC motors. These motors drive rubber tires via a gearbox. A smooth metal ball caster supports the front end of the robot. Table 1 shows the components of the robot. In the subsequent sections, we examine the validity of the proposed models by using this test-bed.
Modeling of the DC Motor
We begin with modeling of the DC motor.
Dynamics of the DC Motor Considering Fundamental Nonlinear Effects
For the dynamics of the DC motor, this paper equips more detailed equations than the basic linear DC motor model by considering fundamental nonlinear effects: the brush voltage drop and the sink current. We consider the following equations:
Here, L a , R a , J m and D m denote the coil inductance and resistance, rotor inertia and viscous coefficient, respectively. Besides, v a , i a , ω m and T ml respectively denote the applied voltage, 
current, angular velocity and load torque. Positive constants K e and K t represent the torque and counter electro-motive force constants.
The basic linear DC motor model is reduced from Eqs. (3) and (4) as a special case, by replacing ψ(v a , v B (ω m )) with v a , and ψ(i a , i f ) with i a , respectively. Although the linear model is widely utilized, we have experimentally found that this simple model does not represent enough the behavior of a small and low-cost motor as one used for the test-bed. On the contrary, the nonlinear DC motor model in Eqs. (3) and (4) considers two nonlinear effects: v B and i f . Here, v B represents the effect of the voltage drop caused by the contact with brush and commutator, called the brush voltage drop. Besides, i f represents an equivalent effect of the torque loss caused by the hysteresis of the core, which is converted into the unit of current, called sink current.
We execute some experiments in order to determine the parameters: L a , R a , K e , J m , D m , and K t . In this paper, we follow the literature [8] . The results are summarized in Table 2 . Since the identification procedures for those parameters are well-known, and there is a page limitation for the paper, we omit the details. Hereafter, we identify the fundamental nonlinear effects, that is, the brush voltage drop v B and the sink current i f .
Experimental Results on Identifying the Brush Voltage Drop
We shall determine the brush voltage drop. The literature [8] shows that the brush voltage drop strongly relates to the current i a , and it has a similar characteristic curve to that of the diode. Thus, the literature [8] proposes a model of the brush voltage drop with appropriate constants a 1 and a 2 as
To verify the conventional brush voltage drop model (5), we execute the following verification experiment. The experimental apparatus and its schematic picture are shown in Fig. 3 . Under a constant applied voltage v a such that v a > v B , the current i a be- comes also constant, and thus di a /dt = 0 holds in steady-state.
Since the parameters K e and R a have been already determined as Table 2 , we obtain v B as a function of i a and ω m by measuring i a and ω m . The results are shown in Fig. 4 . Here, the data under no-load is acquired every 0.05 V from 0.15 V to 0.30 V and every 0.20 V from 0.40 V to 2.0 V, and the data with a load is acquired every 0.10 V from 0.3 V to 1.6 V, where the same type of motor is connected as the load. From Fig. 4 (a), we do not observe a characteristic curve similar to the diode. Besides, Fig. 4 (b) implies that the brush voltage drop v B strongly relates to the angular velocity ω m . Therefore, the conventional brush voltage drop model (5) does not necessarily fit a small and lowcost motor as one used for the test-bed. According to the result in Fig. 4 (b), this paper newly proposes the following model for the brush voltage drop, which relates to the angular velocity ω m :
with appropriate constants C v0 and C v1 . By applying the least squares method to the experimental result in Fig. 4 (b), we determine C v0 and C v1 as Table 2 . In what follows, the proposed model in Eq. (6) is used in Eq. (3), instead of the model in Eq. (5).
Experimental Results on Identifying the Sink Current
Next, we shall determine the sink current. We let the motor in the no-load state rotate at a constant angular velocity by applying a constant applied voltage v a . Under the situation, we have T ml = 0 and dω m /dt = 0. Then, Eq. (4) is reduced to
By measuring ω m and i a , we acquire the sink current i f . We utilize the same experimental apparatus depicted in Fig. 3 . The results are shown in Fig. 5 . Finally, by applying the least squares method to the experimental result in Fig. 5 , we determine the sink current i f as Table 2 .
Validation of the Resultant DC Motor Model
First, we summarize the identified parameters in Table 2 . Then, we demonstrate the validity of the resultant nonlinear model of the DC motor in Eqs. (3) and (4) with parameters in Table 2 . We compare the proposed nonlinear model with the FA-130RA motor, which is mounted to the left wheel of the test-bed. Also, we compare the basic linear DC motor model with the same actual motor. The results are shown in Figs. 6 and 7. Figure 6 (a) exhibits stationary angular velocity versus applied voltage, and Fig. 6 (b) exhibits stationary current versus applied voltage. Figure 7 shows comparisons of the step responses. From those figures, the resultant nonlinear model has much better consistency with the actual motor than the basic linear model in both static and dynamic behaviors.
Modeling of the Gearbox
We model the gearbox by determining the torque loss of the gearbox T g f utilizing the DC motor model obtained in the previous section.
Torque Loss of the Gearbox
The torque equilibrium equation is expressed as
with Ψ defined in Eq. (2) . Here, T gl , T ml , T g f , N and ω t respectively denote the output torques of the gearbox and motor, the internal torque loss of the gearbox, the gear ratio, and the angular velocity of the tire. Under the situation where T gl = 0, NT ml > T g f and ω t > 0 are all satisfied, we have the following equation from Eq. (8):
Equation (9) implies that we can obtain T g f by measuring T ml . Next, by applying a constant voltage v a (> 0) to the motor, let the motor rotate at a constant angular velocity. Then, i a > i f is satisfied, and from Eq. (4), T ml is given by
In Eq. (10), K t , i f and D m are already obtained as Table 2 . Therefore, we can obtain T ml by measuring i a and ω m . Consequently, T g f can be obtained from Eq. (9).
Experimental Results on Identifying the Torque Loss of the Gearbox
The experimental apparatus and its schematic picture are shown in Fig. 8 . We soldered 0.5 Ω resistance to the motor to measure the current i a . We measure the precise value of the resistance by the four-terminal method. The resultant value of the resistance soldered to the left motor is 0.499 Ω, and that of the right motor is 0.508 Ω. We connect the DC power supply and digital multimeters to the motor and resistance as shown in Fig. 8 . Since the angular velocity of the motor ω m cannot be directly measured, we calculate ω m by measuring the angular velocity of the output shaft of the gearbox ω t with the relation
where N = 114.7 is the gear ratio. Now, we explain the experimental procedure. First, after applying a constant voltage v a , we wait about ten seconds until the motor rotates at a constant angular velocity. Second, we measure the time that the tire rotates 20 times, and calculate the angular velocity. Finally, we measure the terminal voltage of the resistance, and calculate the current i a . We repeat the above procedure, by changing the applied voltage v a from 0.4 V to 1.7 V at 0.1 V intervals. Figure 9 shows the angular velocity of the tire ω t versus the torque loss of the gearbox T g f , where ω t is calculated by Eq. (11), and T g f is calculated by Eqs. (9) and (10) . As ω t increases, T g f also increases. We suppose that T g f can be expressed by an affine function with ω t , and calculate the mathematical relation by the least squares method. Then, we obtain the following models: where the subscripts L and R denote the parameters on the left and right sides, respectively. We use those notations in the subsequent sections.
Modeling of the Rolling Resistance of the Tire
In this section, based on the tire mechanics, we provide a model of the rolling resistance of the tire. Although the test-bed depicted in Fig. 2 has the metal ball caster, it moves so smoothly that the rolling resistance of the caster is much smaller than that of the tire. Thus, we ignore the effect of the rolling resistance of the caster. Figure 10 shows a rolling tire and forces acting on the tire [9] . Figure 10 (a) shows the case where the direction of motion coincides with the rotational direction of the wheel. Besides, Fig. 10 (b) shows the case where they are different. In this case, the tire sideslips. When the tire drives the vehicle, the driving force is active, while the braking force arises when the tire brakes the vehicle. In both cases, the rolling resistance always acts on the tire. When the tire sideslips, the side force acts on the tire at right angle to the rotational direction of the wheel.
Tire Mechanics
Suppose that the vehicle moves straight. Then, neither the side force nor the braking force dose not arise, and thus the driving force and the rolling resistance act on the tire. When the tire rotates at a constant angular velocity, these two forces are in balance. Therefore, we can obtain the rolling resistance by measuring the driving force and by using the models of the motor and gearbox provided in Sections 3 and 4. Figure 11(a) shows the top side of the robot. We set a local coordinate system x-y, which is fixed to the robot. The origin is set to the center of gravity of the robot. The components of the velocity in the x and y axes are represented by u and v, respectively, and the angular velocity is denoted by ω. The equation of longitudinal motion of the robot is expressed as
where M v denotes the mass of the robot, F denotes the driving force and F Y denotes the rolling resistance. Note that the subscripts L and R denote the left and right sides of the robot. In measuring the rolling resistance for the test-bed, we have performed a number of experiments with the robot driving forward and backward, and have found that the results with backward directions have less variation. Hence, we empirically decide to use data with the robot driving backward. A possible reason is the following. The caster is equipped at the front side, while the motors are equipped at the rear side of the robot as in Fig. 2 . Thus, we have a better straight line with less fluctuation by driving the robot in the direction near the driving wheels, that is, backward. When the robot moves backward at a constant speed, dv/dt = 0, ω tL < 0 and ω tR < 0 hold. Then, we obtain the following equation from Eq. (14):
Since, in driving straight, it can be assumed that F YL = F YR = F Y , the rolling resistance F Y is expressed as
From Eq. (16), the rolling resistance F Y is obtained by measuring the driving forces F L and F R . Next, the equation of rotational motion for the tire is ex-pressed by the following equation:
where J t denotes the moment of inertia of the tire, R t denotes the radius of the wheel and F represents the driving force. Since the speed of the robot is supposed to be a constant, dω t /dt = 0 holds. Equation (17) with this condition yields
where R t can be easily measured. We explain how to obtain the output torque of the gearbox T gl by measuring the current i a and longitudinal velocity v. Suppose that the tires do not slip on the ground, the angular velocity of the tire ω t is given by
Since the angular velocity of the motor ω m is obtained from Eq. (11), T gl is obtained from Eqs. (4) and (8).
Experimental Results on Identifying the Rolling Resistance
First, we let the microcomputer of the test-bed apply a constant voltage to the motors. The indicated voltage means the output voltage of the microcomputer's terminals. The voltage of the motor's terminal is smaller than this output voltage because of the voltage drop due to the 0.5 Ω resistances connected to the motors. Second, we prepare a urethane mat, and mark the mat with start and goal lines at one meter interval. Finally, we drive the robot 0.20 m behind the start line so that the robot achieves steady running from the start position. We measure a time until the robot reaches the goal line, and calculate the velocity v. Also, we measure the applied voltage v a and the voltage applied to the resistance during running. Then, we calculate the current i a . We change the applied voltage from 0.50 V to 1.5 V at 0.10 V intervals. Figure 12 shows the velocity v versus rolling resistance F Y . As v increases, F Y tends to increase. Thus, we model the rolling resistance with respect to the velocity by using the least squares method as F Y = (0.546 kg/s)v + 0.174 N.
(19)
Modeling of the Cornering Resistance
In the previous section, we consider the linear motion of the robot and model the rolling resistance. However, in considering the rotational motion of the robot, not only the rolling resistance but also the cornering resistance arises according to Subsection 5.1. Thus, in this section, we provide a model of the Fig. 12 Velocity of the robot v versus rolling resistance F Y . cornering resistance. Measuring the rotational motion of the robot is more difficult than the linear one, since the direction of the velocity vector changes momentarily, and the angular velocity also has to be measured. In this paper, we measure the linear and angular velocities by using computer vision. Here, we attach two LEDs to the robot, and track their positions by a digital camera and image processing technique.
Measurement of the Linear and Angular Velocities by
Image Processing Figure 13 shows the experimental apparatus. Canon IXY 200F is used as a digital camera. The number of pixels is 640 × 480 = 326400 pixel and the frame rate is 30 fps. We drive the robot under the camera mounted to a tripod. We attach a red LED to the front of the robot, and a green LED to the center of the gravity of the robot. Light diffused caps cover LEDs to ease detection by the camera. In a captured image of the robot, the LEDs' positions are represented in the fixed global coordinate X-Y illustrated in Fig. 11 (b) . Thus, we shall convert the LEDs' positions in the global coordinate into the local one x-y, which is attached to the robot. First, we calculate φ, which is the angle between the global coordinate and the local one, as shown in Fig. 11 (b) . We define the LEDs' positions at the center of gravity and the front as G(G X , G Y ) and H(H X , H Y ), respectively. In addition, we define a direction vector of the robot as
We also define δ as the angle between d and the X axis (see, Fig. 11 (b) ). Then, φ is given by using G and H as
Next, we calculate the velocity of the robot in the local coordinate. The movie taken by the digital camera consists of a set of still images (frames). Thus, by measuring the position of the robot for every frame, and dividing the position differences in successive frames by the time per frame, we can calculate the linear and angular velocities of the robot. We express the velocity of the robot by the transition of the position G. Suppose that G[k − 1] at time k − 1 moves G[k] at time k. Figure 14 (a) illustrates this. We define this movement as a vector m [k] . The components of m[k] in the global coordinate are given by
We
, which is the component in the local coordinate. Note that (m x [k], m y [k]) cor- Fig. 13 Experimental apparatus for the image processing. responds to the linear velocity of the robot (u, v) at time k.
To do this, we explain the coordinate transformation from the global coordinate to the local one. We define the basis vectors in the global and local coordinates as (e X , e Y ) and (e x , e y ), respectively. Then, the coordinate transformation from (e X , e Y ) to (e x , e y ) is given by
where φ is the angle between the both coordinates, and is defined in Eq. (20). Therefore, the components of m in the local , v[k]) is given by
where ΔT denotes the time between frames. Finally, we calculate the angular velocity ω in the local coordinate by using the difference of the angles of the robot in successive frames. Suppose the direction vectors of the robot d[k − 1] and d[k] at times k − 1 and k, respectively. The zcomponent of the exterior product of d[k − 1] and d[k] is expressed as
We also obtain the following relation by the definition of the exterior product: 
Then, the angular velocity ω is expressed by ω = θ/ΔT .
Identification of the Cornering Resistance via Particle Swarm Optimization
Here, we provide a model of the cornering resistance by numerical optimization. We define the cornering resistance Table 3 Results of the cost function for each F ci . F c1 : 0.05507 F c2 : 0.05933 F c3 : 0.05441 F c4 : 0.04855 F c5 : 0.04410 F c (≥ 0). Then, the equation of rotational motion is given by
where J v , L t and θ ax denote the moment of inertia of the robot, the distance between the center of gravity of the robot and the tire, and the angle between the axle and the center of gravity (see, Fig. 11 ), respectively. As properties of the cornering resistance, F c is a function of ω, and F c should be zero when ω equals zero. Since it is difficult to obtain a first-principle model for the cornering resistance, we consider the following five functions F c1 to F c5 having the above properties as candidates for the model of F c (ω) with appropriate coefficients C i j 's:
We determine the coefficients for each candidate function via numerical optimization, and choose the best one as a model of F c . We set the cost function as sum of square errors between the observed angular velocity ω in experiment and that in simulation. For each F ci , i = 1, . . . , 5, we calculate C i j 's minimizing the cost function by the particle swarm optimization [11] . Table 3 summarizes the result of the cost function for each F ci . Since F c5 is the best adapted to the experimental data among the candidate functions, we decide F c5 as a model of the cornering resistance F c . The resultant coefficients are C 51 = 0.489 and C 52 = 0.237. Thus, we obtain the cornering resistance model as
The literature [9] introduced an approximated cornering force model based on Fiala's theory, which is linear with respect to the side slip angle. However, measuring the side slip angle is hardly practical for a small vehicle robot considered in the paper, this model is difficult to use in considering controller design in the next step. On the contrary, the proposed model in Eq. (29) can be easily equipped by only measuring the angular velocity of the robot, and it has been empirically shown that this model has good consistency with the experimental results.
Validation of the Resultant Model of the Cornering Resistance
We demonstrate the validity of the resultant model of the cornering resistance in Eq. (29). We apply different constant voltages to the right and left motors to realize a constant rotational motion. We use the following two voltage ratios between the right and left motors: 1 : 2 and 2 : 3, respectively. Under each voltage ratio, we drive the robot on the urethane mat, and measure the linear velocity u, v and angular velocity ω by image processing. We also measure the applied voltage to the motors v a and the resistance, and calculate the current i a . We set the terminal voltage toward the left motor from −0.50 V to −0.75 V at 0.05 V intervals, when the voltage ratio is 1 : 2. Besides, we set the terminal voltage toward the left motor from −0.50 V to −1.0 V at 0.10 V intervals, when the voltage ratio is 2 : 3. Figures 15 and 16 show the experimental results and simulation results. Figure 15 (a) exhibits the resultant angular velocities with the voltage ratio 1 : 2 in experiment and simulation without the cornering resistance effect, while in Fig. 15 (b) , we equip the proposed cornering resistance model in Eq. (29) in the simulation. Figure 16 shows those under the voltage ratio 2 : 3. Those figures show that the simulation results with the proposed cornering resistance model have better adaptation to the experimental data under both voltage ratios. Those results imply that the cornering resistance has a fundamental influence on the rotational motion of the test-bed, and show the validity of the proposed model.
Comparisons of the Whole Robot Motions
This section investigates the validity of the whole robot model by integrating the component models provided in the preceding sections. Figure 17 illustrates the resultant whole robot model. The kinematic constraints between the linear and angular velocities v and ω, and rotational velocities of the wheels ω tL and ω tR in Fig. 17 are explained 
where R t appears in Eq. (17), and θ ax and L t are referred to in Fig. 11 (a) . The kinematic constraints follow from Eqs. (30) and (31) as 
Then, we respectively compare the linear and rotational motions in experiments with those in the simulations using the whole robot model. First, in order to validate the linear motion, we compare the behavior of the robot running backward at a constant speed with our simulation model including the rolling resistance effect. Figure 18 (a) shows the applied voltage v a versus the resultant velocity v, and Fig. 18 (b) shows the applied voltage v a versus the current i a flowing to the motor. Figure 18 implies that the simulation results adapt well to the experimental results. Second, we validate the rotational motion. We apply the constant voltages (v aL , v aR ) = (−1.0, −1.5) V to the left and right motors, respectively. We compare the center of mass trajectory on the X-Y plane of the test-bed with that of our simulation model. Figure 19 shows the results, and it implies that the simulation result corresponds reasonably well with the experimental result. Those results demonstrate that not only each component model adapts well to the experimental data, but also the resultant whole robot model by integrating those components is well consistent with the actual behavior of the test-bed.
Conclusion
This paper has provided a component-based modeling of a small wheeled mobile robot with indispensable nonlinearities, which achieves both ease of construction and satisfactory consistency with the actual behavior of the robot. Moreover, a concrete derivation procedure for the provided model has also been shown. We have obtained a model of each fundamental component for a wheeled mobile robot, and we have provided the whole robot model by integrating the resultant component models. This approach is expected to have high versatility for various structured wheeled mobile robots. We first have modeled the DC motor considering the brush voltage drop and sink current effects. Then, we have modeled the torque loss of the gearbox as a function of the angular velocity. After that, the rolling resistance and cornering resistance models have been provided by using image processing technique and numerical optimization. Since those models do not require the complicated tire deformation dynamics, they are relatively easy to be used in controller design. We have developed a differential wheeled robot as an experimental test-bed, and have demonstrated the validity of both each component model and the whole robot model with the test-bed, where indispensable nonlinearities taken in the proposed models dramatically improve the consistency with the experimental behaviors of the test-bed.
The test-bed can move to trace out the line with the attached infrared sensors. We currently proceed to nonlinear controller design using the proposed robot model so as to achieve high performance of tracking.
